We present trigonometric parallax and proper motion measurements toward 22 GHz water and 6.7 GHz methanol masers in 16 highmass star-forming regions. These sources are all located in the Scutum spiral arm of the Milky Way. The observations were conducted as part of the Bar and Spiral Structure Legacy (BeSSeL) survey. A combination of 14 sources from a forthcoming study and 14 sources from the literature, we now have a sample of 44 sources in the Scutum spiral arm, covering a Galactic longitude range from 0 • to 33 • . A group of 16 sources shows large peculiar motions of which 13 are oriented toward the inner Galaxy. A likely explanation for these high peculiar motions is the combined gravitational potential of the spiral arm and the Galactic bar.
Introduction
Our Galaxy has been identified as a barred spiral galaxy . However, due to our position in the Milky Way, many details concerning the exact shape of our Galaxy are still under debate (e.g., the number and position of the spiral arms, the rotation curve or the shape of the bar; Reid & Honma 2014) . To resolve some of these issues, reliable distance measurements to objects in the spiral arms are necessary. The high astrometric accuracies provided by very long baseline interferometry (VLBI) allow the determination of trigonometric parallaxes to maser sources in high-mass star-forming regions all over the Galaxy (Honma et al. 2012; Reid & Honma 2014; Sanna et al. 2017) . Since these regions are located within the spiral arms (e.g., Elmegreen 2011) , this approach allows a precise mapping of the spiral structure of the Milky Way. This technique also provides proper motion measurements for the maser sources; thus, we determine the positions of the sources in 6D space (coordinates, distance, line-of-sight velocity, and proper motion).
In recent years, the Bar and Spiral Structure Legacy (BeSSeL 1 , Brunthaler et al. 2011 ) survey, an NRAO 2 Very Long Baseline Array (VLBA) key science project, has measured the parallaxes and proper motion of over 100 star-forming regions across the Milky Way (e.g., Sato et al. 2014; Wu et al. 2014; Choi et al. 2014; Sanna et al. 2014; Hachisuka et al. 2015) . In this paper we discuss BeSSeL survey results for maser sources in the Scutum (also called Scutum-Centaurus or Scutum-Crux) spiral arm.
The Scutum spiral arm is located in the inner Galaxy (from the Sun's point of view), between the Sagittarius and the Norma arms. The Scutum arm was identified as strong condensations in neutral hydrogen and CO observations (Shane 1972; Cohen et al. 1980; Dame et al. 1986 Dame et al. , 2001 in longitude-velocity plots. Sato et al. (2014) presented the first BeSSeL survey results for 16 Scutum arm sources, discussing the location of the arm and its pitch angle, as well as the peculiar motions of the sources. We now have a larger sample of sources in the Scutum arm and can thus improve on pinpointing the spiral arm location, and we can study the kinematics in the arm.
We present new distances and kinematic information for 16 high-mass star-forming regions in the Scutum arm. Another 14 sources of this arm will be published in Li et al. (in prep.) . While Li et al. discuss the pitch angle of the Scutum spiral arm, we focus on the kinematics in the arm, especially a group of sources with anomalously large peculiar motion. In addition to the sources from Li et al., we also included 14 sources from the literature (Bartkiewicz et al. 2008; Xu et al. 2011; Immer et al. 2013; Sato et al. 2014; Zhang et al. 2014) in our peculiar motion analysis. We first describe the observations (Sect. 2) and then present our results (Sect. 3), including the parallax and proper motion fits for the 16 sources, the association of the sources with the Scutum spiral arm, and the measured peculiar motion of all 44 sources. In Sect. 4, we discuss the anomalously large peculiar motions of 16 sources and explore their possible origins.
The coordinates of the sources, program codes, and observing epochs are given in Table A .1. For the methanol masers, four epochs spread over one year are scheduled to optimally sample the extent of the Earth's orbit around the Sun as viewed by the targets (corresponding to the peaks of the sinusoidal parallax signature) in right ascension and to minimize the correlation between the parallax and proper motion contributions (Xu et al. 2006; Menten et al. 2007 ). Since water maser spots can be shorter-lived than one year (Tarter & Welch 1986) , two additional epochs are observed at 22 GHz. Compact background sources, used as position references for the maser targets, were selected from the ICRF2 catalog (Fey et al. 2015 ) and a dedicated VLBA survey of extragalactic sources (Immer et al. 2011) . The background quasars that were observed with each target are listed in Table A .1.
The general observation setup and the data reduction procedures are detailed in Reid et al. (2009) .
Except for G028.86+00.06, four adjacent frequency bands with 16 MHz width (8 MHz for G028.86+00.06) were observed in right and left circular polarization. The maser emission was centered in the third (second for G028.86+00.06) frequency band, at the LSR velocity of the target (see Table A .1). The data were correlated in two steps, one for the continuum data and one for the maser line data. For the maser line data, the frequency resolution was 8 kHz (BR198), 16 kHz (BR149), or 31.25 kHz (G028.86+00.06). This corresponds to a velocity resolution of 0.36 km s −1 and 0.72 km s −1 , respectively, for the 6.7 GHz masers and 0.11 km s −1 for the 22 GHz masers (BR198; 0.42 km s −1 for the water maser G028.86+00.06), assuming rest frequencies of 6668.56 MHz for the CH 3 OH(5 1 −6 0 ) and 22235.0 MHz for the H 2 O(6 16 -5 23 ) maser transitions. The spectra of the masers are shown in Fig. B.1 .
The calibration and analysis of the BeSSeL survey data was conducted using ParselTongue (Kettenis et al. 2006 ) scripts for the NRAO Astronomical Image Processing System (AIPS, Greisen 2003) . The different calibration steps are described in Reid et al. (2009) . After calibration, the background sources and the target masers were imaged with the AIPS task IMAGR. Then their relative positions were determined by fitting the brightness distribution of the feature with an elliptical Gaussian model, using the AIPS task JMFIT.
Different numbers of maser spots were selected for parallax fitting in each target maser (see Table C .1). The positional differences between the maser spots and each of the quasars were calculated and then modeled with a combination of a sinusoidal parallax signature and linear proper motion in each coordinate. Systematic uncertainties (typically from unmodeled atmospheric and ionospheric delays) are normally much larger than the formal position uncertainties from the Gaussian fitting (Menten et al. 2007 ), leading to high reduced χ 2 in the parallax and proper motion modeling. To account for these uncertainties, we added additional error values in quadrature to the formal position uncertainties on both coordinates and adjusted them until the reduced χ 2 for each coordinate was near unity (see Reid et al. 2009 ).
If several maser spots are combined in the final parallax fit, we increased the formal uncertainty on the parallax fit by a factor of N Spot , where N Spot is the number of combined maser spots. We make the conservative assumption that position variations of the maser spots are 100% correlated, which can be caused by small changes in the background sources or residual unmodeled atmospheric delays affecting equally all maser spots per epoch. Data from the different background quasars are assumed to be uncorrelated.
In the combined parallax fitting, we allowed for different proper motion values for different maser spots due to possible internal motions in the star-forming regions. However, if the position differences of a maser spot were measured to more than one background source, then the proper motion of this maser was constrained to be the same for all the background sources used in the parallax fitting of this spot since we assume that the background sources do not have any measurable proper motion.
For the 6.7 GHz masers, in sources where we had background sources on both sides of the target, we detected gradients of the parallax values on the sky for the parallaxes determined from different background sources ). This is not an issue for the 22 GHz masers, which indicates unmodeled ionospheric delays as the root of this problem since ionospheric dispersive delays scale with ν −2 , and thus residual dispersive delays are much larger at 6.7 GHz. By simultaneously fitting for parallax parameters as well as these ionospheric effects, we improved the modeling of the position offset data (maser spot minus quasar position), yielding a more reliable parallax estimate. More details are given in Reid et al. (2017) and Zhang et al. (2019) .
Results

Parallax fits
The parallax and proper motion results are listed in Table 1 
Spiral arm association
The masers of the BeSSeL survey are assigned to the different spiral arms by associating the high-mass star-forming regions, which harbor the masers, with molecular clouds in the CO Galactic plane survey of Dame et al. (2001) and then associating the clouds with a spiral structure in l-v space. These assignments can be tested by locating the masers in plan view plots of the Milky Way, where they tend to trace out continuous arcs that can be identified as portions of spiral arms. Our sources are selected to be part of the Scutum spiral arm (see Li et al., in prep.) .
Peculiar motion
In the peculiar motion analysis we included four additional 12 GHz methanol masers and ten 22 GHz water masers from the literature (see Col. 7 of Table 2 ), as well as 14 maser sources that will be published and discussed in more detail in Li et al. (in prep.) , yielding a total of 44 maser sources tracing the Scutum spiral arm.
Transforming the measured three-dimensional motions of the 44 Scutum arm masers (proper motion plus line-of-sight velocity) to a reference frame that rotates with the Galactic disk, we yield their peculiar motion (U s , V s , W s ), where U s increases toward the Galactic center, V s in the direction of Galactic rotation, and W s toward the north Galactic pole. As the rotation model, we used a Universal rotation curve (Persic et al. 1996) with the A5 fit values of Reid et al. (2019 , Table 3 ) and a distance to the Galactic center of 8.15 kpc, giving a rotation speed of 236 km s −1 . The motion of the Sun in this reference frame is U = 10.6 km s −1 , V = 10.7 km s −1 , and W = 7.6 km s −1 . The calculated peculiar motion components of the Scutum arm Notes. sources are listed in Table 2 . The medians of the uncertainties on the U S , V S , and W S components are 10 km s −1 , 5 km s −1 , and 3 km s −1 , respectively. Figure 2 shows the peculiar motion of the Scutum maser sources with uncertainties of less than 20 km s −1 in the plane of the Galaxy.
Discussion
The left panels in Fig. 3 show the distribution of the peculiar motion vector components U S , V S , and W S for sources with an uncertainty on the components of less than 20 km s −1 (32 maser sources). For the V S and W S components, the mean and median of the distributions are close to zero and most of the sources have values for these two components between −20 and 20 km s −1 . For U S , however, the mean and median are 15.7 and 15.3 km s −1 , respectively, and half of the sources have velocity magnitudes > 20 km s −1 , indicating that the U S component in these sources dominates the peculiar motion. In 13 of these sources, their motion is pointed toward the inner Galaxy. In the following section, we define the high peculiar motion sources as sources with |U S | > 20 km s −1 . We also included G010.32−00.15 in this group since this maser shows large peculiar motions as well, but in the V S component. Class II methanol masers (6.7, 12 GHz) are mostly located close to the protostar, while 22 GHz water masers are often detected in the outflow regions (e.g., Hofner & Churchwell 1996; Norris et al. 1998; Minier et al. 2000; Goddi et al. 2011 ). Since these high peculiar motions are detected in sources with all three types of masers, it is unlikely that they are caused by internal motions in the star-forming regions due to outflows for example.
To understand if there is a fundamental difference in the characteristics of the host clouds of the high and the low peculiar motion masers, we compared the cloud masses, dust temperatures, bolometric luminosities, and H 2 column densities of our sources from the APEX Telescope Large Area Survey of the Galaxy (ATLASGAL) clump catalog of Urquhart et al. (2018) Fig. E.1) . The masses were corrected for our measured parallax distances. For each of the four characteristics, we conducted a Kolmogorov-Smirnov two-sample test to determine the probability that the low and high peculiar motion maser samples are drawn from the same distribution. For the cloud masses, dust temperatures, bolometric luminosities, and H 2 column densities, the test yielded p-values of 0.82, 0.26, 0.10, and 0.96, respectively. Thus, for the bolometric luminosity the probability is only 10% that the two samples come from the same distribution.
To test whether these high peculiar motion sources are unique in the Galaxy or also detected in other spiral arms, we compared the distributions of the peculiar motion components in the Scutum arm with maser sources in the Sagittarius, Local, and Perseus arms. The source information was taken from , applying the same rotation model as for the Scutum arm sources. The distribution of the V S and W S components are similar. Although some sources in the other spiral arms show high velocities in the U S component as well, their occurrence is much lower than in the Scutum spiral arm (eight sources with |U S | > 20 km s −1 in the three arms combined compared to 16 sources in the Scutum arm). With a Kolmogorov-Smirnov two-sample test, we tested the hypothesis that the samples of the peculiar motion components of the Scutum arm and the other three spiral arms are drawn from the same distribution, yielding p-values of 0.0005, 0.02, and 0.78 for U S , V S , and W S , respectively. Thus, for the U S and V S components, the probability is less than 5% that the Scutum arm sources are drawn from the same distribution as the other spiral arm sources. These results suggest that a local phenomenon led to the high peculiar motions of these clouds.
Gravitational attraction of the spiral arm and the Galactic bar
The formation of spiral arms in the Milky Way has been historically described via the spiral density-wave theory (for a recent review, see Lin & Shu 1964; Shu 2016) . Gas within the co-rotation radius of the Galaxy (∼8.5 kpc, Dias et al. 2019) moves faster than the wave itself and is accelerated radially outward when entering the interior side of the arm. Thus, this theory cannot explain the motion of our high peculiar motion sources, which is mostly directed radially inward. Including large-scale shock waves (e.g., Roberts 1969) or magnetic fields (e.g., Roberts & Yuan 1970) can give the correct sign for the peculiar motions, but their measured magnitudes might be too large to be easily explained by these models. Since we do not see many high peculiar motion sources in most spiral arms, this cannot be the full answer.
De first suggested that the Milky Way is a barred spiral galaxy. There is still a dispute about the exact shape and orientation of the bar. While some authors favor a shorter structure with a length of 2.5−3.5 kpc and a position angle with respect to the Sun-Galactic center direction of ∼23 • (e.g., Bissantz & Gerhard 2002; Gerhard 2002; Babusiaux & Gilmore 2005) , others identified a long bar with a length of 4 kpc and a position angle of 45 • (e.g., Hammersley et al. 2000; Benjamin et al. 2005; López-Corredoira et al. 2007; Anders et al. 2019) . Recently, Wegg et al. (2015) identified a long bar with a half-length of 5 kpc and a position angle of 28−33 • . It is not clear if these structures are fundamentally different or how they are related. Figure 4 shows the bar structures in relation to the position of the Scutum arm sources (for all three bars, a minor axis of 1.2 kpc is assumed, as in López-Corredoira et al. 2007 ). -Corredoira et al. (2007) estimated the mass of the Galactic bar as 6·10 9 M . Using this mass for the bar, we determined its gravitational potential and subsequently the terminal velocity caused solely by the bar at the distance of the high peculiar motion sources which yields 95−130 km s −1 for the 3.5 kpc bar, 95−165 km s −1 for the 4 kpc bar, and 105−145 km s −1 for the 5 kpc bar. Since the terminal velocity is larger than the peculiar motion of the high peculiar motion sources, the gravitational attraction of the bar is a possible explanation for these anomalous values. We do not expect the sources to move with the terminal velocity since they are not in free-fall and there is friction within the spiral arm. The Galactic models of Roberts et al. (1979) showed that large noncircular motions with radial velocities as high as 100 km s −1 are expected near the ends of the bar.
López
The peculiar motion vectors of eight high peculiar motion sources are oriented toward the tip of the short bar, hinting toward the gravitational potential of this structure being the prominent attractor. The long bar of Wegg et al. (2015) crosses the spiral arm at l∼31 • at a distance from the Sun of ∼5 kpc where several high peculiar motion sources are located.
Although the clustering of the high peculiar motion sources in the Scutum arm hints at the potential of the bar as the dominating potential, we cannot exclude the importance of the spiral arm when in interplay with the potential of the bar. Thus, we conclude that the most likely explanation for the high peculiar motions is the combined gravitational potential of the spiral arm and the Galactic bar.
Baba et al. (2009) have shown in their N-body+hydrodynamical simulations of a barred spiral galaxy that peculiar motions of more than 25 km s −1 can be reproduced. However, their simulated peculiar motions appear randomly distributed over the Galaxy, and are thus not consistent with the results of the BeSSeL survey. The simulations of Khoperskov et al. (2019) show large radial velocities toward the Galactic center of 20 km s −1 within 0 kpc < X < 3 kpc and 3 kpc < Y < 6 kpc and a change in the direction of the peculiar motion from inward to outward near X = 4 kpc and Y = 2.5 kpc, which is consistent with most of our peculiar motions.
Conclusion
In this publication, we present new parallax and proper motion measurements of 16 maser sources in the Scutum spiral arm. Together with 14 maser sources from the literature and another 14 maser sources, which will be published in Li et al. (in prep.) , we determined the peculiar motions in the Scutum arm. The main conclusions of our paper can be summarized as follows:
1. Sixteen sources in the Scutum spiral arm show large peculiar motions. Thirteen of these motion vectors are oriented toward the inner Galaxy. 2. These high peculiar motions are measured in all three maser types of our sources: 6.7 GHz methanol masers, 12 GHz methanol masers, and 22 GHz water masers. 3. There is a hint that the masers with high peculiar motions are hosted in clouds that are on average more luminous than those of the low peculiar motion masers. 4. This large number of sources with high peculiar motions is unique in our Galaxy; other spiral arms only harbor a small number of sources with large peculiar motions. This suggests that a local phenomenon is the cause for these larger peculiar motions.
5. The most likely explanation for the large peculiar motions is the combined gravitational attraction of the spiral arm and Galactic bar potential. (in prep.) , gray: literature) for sources with uncertainties on the vector components of less than 20 km s −1 . A representative velocity vector of 20 km s −1 is shown in the upper right corner. The red shaded area around this vector displays the median uncertainty on the velocity vectors (∆U S = 10 km s −1 , ∆V S = 5 km s −1 ). The 22 GHz water, 6.7 GHz methanol, and 12 GHz methanol masers are indicated with circles, squares, and diamonds, respectively. The positions of the Sun and the Galactic center are indicated. The dotted lines represent the distance uncertainty on each source. The black and gray dashed lines represent the position and width of the Scutum spiral arm, as described in Sato et al. (2014) . Fig. 2 , but only the peculiar motion vectors of the high peculiar motion sources are shown (cyan). The black and gray dashed lines represent the position and width of the Scutum spiral arm as described in Sato et al. (2014) . The dotted blue, dot-dashed brown, and dashed magenta lines show the locations of the bars of Bissantz & Gerhard (2002) , Wegg et al. (2015) , and López-Corredoira et al. (2007) , respectively. A minor axis of 1.2 kpc is assumed for all three bar structures. , and H 2 column density (lower right) of the host clouds of the high peculiar motion (red) and low peculiar motion (blue) sources (for sources with velocity uncertainty ≤ 20 km s −1 ). The values of these parameters were taken from the ATLASGAL clump catalog of Urquhart et al. (2018) . 
